Understanding changes in ocean circulation during the last deglaciation is crucial to unraveling the dynamics of glacial-interglacial and millennial climate shifts. We used neodymium isotope measurements on postdepositional iron-manganese oxide coatings precipitated on planktonic foraminifera to reconstruct changes in the bottom water source of the deep western North Atlantic at the Bermuda Rise. Comparison of our deep water source record with overturning strength proxies shows that both the deep water mass source and the overturning rate shifted rapidly and synchronously during the last deglacial transition. In contrast, any freshwater perturbation caused by Heinrich event 1 could have only affected shallow overturning. These findings show how changes in upper-ocean overturning associated with millennial-scale events differ from those associated with whole-ocean deglacial climate events.
C hanges in ocean overturning affect regional climate through the redistribution of heat energy to the high latitudes (1) . Reconstructions of past ocean circulation changes suggest a strong link between the strength of Atlantic Meridional Overturning Circulation (AMOC) and circum-North Atlantic temperatures, as evidenced by the close match between rapid shifts in nutrient proxy records (2) and Greenland ice core paleotemperature records (3). Models of thermohaline circulation have suggested rapid changes in overturning strength and water mass stratification during meltwater-forced events, but also suggest that rate of overturning can be decoupled from stratification changes. However, changes in these primary physical variables cannot be unambiguously reconstructed through time by means of nutrient proxies of ocean circulation, because their sensitivity to source, circulation, and biological change complicates interpretation. This study directly compares water mass source changes, reconstructed using Nd isotopes, with 231 Pa/ 230 Th 0 ratios recording overturning rates at the same site.
Nd isotopes can be used as a water mass source proxy because (i) the 143 
Nd/ 144
Nd ratio (e Nd ) is a tracer of deep water masses originating in different ocean basins (4, 5) ; (ii) the 500-to 1000-year residence time of Nd in the ocean (6) is shorter than the time required for whole-ocean mixing; and (iii) Nd isotopes are not fractionated by biological or low-temperature processes (7) . The e Nd value for North Atlantic Deep Water (NADW) is~-14, and for Antarctic Bottom Water (AABW) it is~-7 to -9 (4, 5, 7), at modern deep water formation sites. Nd isotopes can be used to track these water masses over long path lengths (7) . In marginal settings with high suspended particle concentrations, the water mass e Nd appears to be altered by exchange with sedimentary Nd (8) . Our site on the northeast Bermuda Rise (Fig. 1) is in the open ocean, oceanographically distant from major continental boundaries, and not located downstream of Bermuda. Although sediment deposition rates are high, the particles are primarily transported by recirculating gyres and any leachable material is predominantly authigenic (9) . Application of e Nd together with other oceanographic proxies provides accurate reconstructions of ocean circulation and changes in climate.
Recent millennial-scale Nd isotope studies have used Fe-Mn oxides leached from bulk detrital sediment (10) . However, horizontal advection of fine sediments (11) can transport distal Nd 
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REPORTS on January 7, 2010 www.sciencemag.org isotopic signatures, complicating reconstruction of deep water composition. This is particularly problematic for sediment drift deposits. The Bermuda Rise has deposition rates reaching 100 cm per 1000 years, with >63 mm-sized fraction as low as 0.25%, allowing submillennial resolution, but also indicating sediment transport (11, 12) . Alternative phases such as fish teeth (13) or benthic foraminiferal calcite (14) are typically in low abundance, precluding high-resolution records. In this study we developed an earlier method established by Palmer and Elderfield (15) using Fe-Mn oxide coatings on planktonic foraminifera, which are underpinned by fish teeth measurements where possible, from core OCE326-GGC6 (GGC6; 33°41.443´N, 57°34.559´W, 4541 m) (9) .
Previous studies have shown that Nd is incorporated into foraminiferal calcite at very low concentrations (16, 17) ; for example, off the coast of Somalia, plankton tow Nd concentrations average 0.11 ppm (17), relative to core top measurements in this study of 2.63 ppm. Thus, high Nd concentrations exhibited by planktonic foraminifera from sediment cores likely result from metal oxide coatings on the shell (17) . The precipitation of Fe-Mn oxide coatings onto sediment particles has been demonstrated to take place at the sediment-water interface (10, 15) . Dissolved Nd concentrations increase with depth in the water column (18) , and because sediment particles are in contact with Nd-rich bottom waters far longer than with other water masses, they retain a bottom water signature. All reductively cleaned and uncleaned foraminifera [calcite plus coating, with all clay and silicates removed (9)] at three North Atlantic core tops are within error of each other and the bottom water (NADW) composition (Fig. 2) . The reductively cleaned foraminifera fall along mixing curves predicted by plankton tow end members, in the direction of surface water concentrations and e Nd values. We calculate that in order to obtain surface water values, between 90 and >98% of all coatings must be removed; any remaining coatings are likely due to inefficient cleaning or readsorption of Nd onto clean calcite during cleaning (17) . Because planktonic foraminifera Fe-Mn oxide coatings accurately archive bottom water e Nd at the Bermuda Rise, this may be a promising approach in regions of high sediment accumulation (9) . Downcore Nd isotope measurements were made on bulk sediment leachate (10), reductively cleaned and uncleaned planktonic foraminifera, and reductively cleaned fish debris from Bermuda Rise core GGC6 (Fig. 3) . Although core top bulk sediment leachate e Nd values are within error of modern-day NADW (4, 5) (Fig. 2) , downcore measurements are always more positive than the foraminiferal and fish debris e Nd and do not record the same changes as benthic d 13 C (Cibicidoides wuellerstorfi, epibenthic) from nearby Bermuda Rise core EN120-GGC1 (33°40´N; 57°37´W, 4450 m) (19) . This suggests variable addition of a radiogenic Nd contribution to the bulk sediment leachate record. One plausible source is volcanic ash transported southward by bottom currents (11), providing a source of more positive Nd isotopic composition mobilized during leaching. Because foraminifera are not transported horizontally by currents (11), the observation that the uncleaned foraminifera and fish debris have no significant deviation from a 1:1 relationship throughout the record ( fig. S2 ) confirms that we are measuring Fe-Mn oxide coatings precipitated on the planktonic foraminifera shells in bottom waters at the Bermuda Rise, as does the finding that core top samples match local deep water. The overall trend of the uncleaned foraminifera Nd isotopes (e Nd-UF ), from more radiogenic southern source deep water (SSW) values in the glacial to less radiogenic northern source values in the Holocene, is consistent with benthic d Th 0 shifts are sharp, coincident, and correlated across the deglacial climate transitions (the Bølling-Allerød-Younger Dryas-Holocene variations). e Nd-UF trends also match a composite ∆ 14 C B-P apparent ventilation record produced from benthic and planktonic foraminifera and bivalves from deep sites throughout the western North Atlantic, confirming that these are basinwide changes (25, 26) .
The e Nd-UF record (Fig. 3 ) allows us to make inferences about how AMOC source changes relate to ventilation and overturning rate. The Last Glacial Maximum (LGM) e Nd-UF data record a bottom water composition of~-10.6, indicating the influence of SSW in the deep glacial Atlantic, an interpretation supported by d Th 0 shifted to higher values by 17,500 years ago, which was interpreted as a strong reduction in AMOC by McManus et al. (22) . The fact that e Nd-UF did not reach SSW endmember values (27) , combined with a constant gradient of 3.5 e units between the Bermuda Rise and the Cape Basin (10), suggests that some proportion of northern source water (NSW) was continuously advected southward and is evidence against a total shutdown of AMOC. It also suggests that 231 Pa/ 230 Th 0 ratios that approach the production ratio must at least in part be due to opal fluxes increasing the ratio (28) Th 0 is likely integrating the entire water column and primarily recording fast, shallow overturning of glacial intermediate NSW (22) . This is concordant with increasing evidence from other proxies supporting a fast, shallow overturning cell at the LGM (20, 23, 26, 29, 30) .
Our results support the necessity for relatively fast overturning at the LGM in order to maintain a steep vertical chemical gradient in the northwest Atlantic (20) under conditions of strong vertical mixing (31) (Fig. 4A) . Th 0 ratio integrated through the water column. With slower overturning, the strong vertical mixing would have weakened the chemical gradient, allowing more NSW to be transported to depth. This would have offset any effect of decreased NSW production and shoaling of AABW, and would have resulted in no significant change in the Nd isotopic signature at this site (Fig. 4B) . Because there were no changes in the boundary conditions at this time, Heinrich event 1 may be likened to modeling results indicating relatively gradual changes in overturning rates during glacial freshwater perturbation (32) .
In contrast, all three deep water proxies, as well as the integrated 231 Pa/ 230 Th 0 ratio shift during the deglacial events starting at 14,600 years ago, invoke whole-ocean change in both overturning rate and water mass source, similar to jumps in state via hysteresis behavior (32) . This is evidence for two different ocean circulation responses to climate forcing, which suggests that glacial millennial-scale changes in shallow overturning are inherently different from Milankovitchforced glacial-interglacial changes, because the latter are accompanied by shifts in boundary conditions and whole water column reorganization.
The large deglacial shifts in benthic d
13
C and the constant e Nd gradient between the North and South Atlantic from 20,000 to 14,600 years ago suggest no change in the NSW end member.
However, the early Holocene e Nd value of -16 recorded by foraminifera and fish teeth indicates that NSW was 2 e units more negative than modern NADW. This suggests an increased proportion of the Labrador Sea component of NADW, which is thought to have begun advecting at~8000 years ago (33) .
Fe-Mn oxide coatings that are precipitated onto planktonic foraminifera reliably record bottom water e Nd at the Bermuda Rise today, and provide an accurate archive of past water mass structure changes in areas of sediment redistribution. If meltwater at Heinrich event 1 did affect ocean overturning, it was most likely in the upper part of the water column, enhancing the effects of vertical mixing and resulting in unchanging chemical signatures in the deep. This calls for modeling studies that distinguish between intermediate and deep overturning changes and do not invoke total shutdown of AMOC. After 14,600 years ago we observe coupled North Atlantic water mass source and overturning strength shifts through deglacial climate events linking the relative proportion of NSW and SSW with rates of overturning. There is invariably a strong oceanclimate link over the last deglacial, but the sensitivity of this link must be tested during more stable times (for example, the Holocene) in order to determine future climate change implications.
